(1) The theme of the survey is that metalloenzymes represent rather 'unique' metal complexes when compared to the simpler system generally studied by coordination chemists. This theme is introduced by a brief presentation of the historical development of the metalloenzyme field, particularly the contributions of 0. Warburg and D. Keilin.
METALLOENZYMES AND MODELS
The study of the role of metal ions in enzyme reactions provides a beautiful example of an area in which increased understanding has been intimately connected with the close interaction between traditionally distinct disciplines. Thus, the techniques and results of coordination chemistry, a field generally regarded as a branch of inorganic chemistry, have been utilized in investigations on one of the central problems of biochemistry, that of the relation between structure and function of enzymes. To my mind, a major impression from the progress made so far isthat metalloenzymes represent rather 'unique' metal complexes in comparison with the simpler systems generally studied by coordination chemists. The nature of these 'unique' metal-binding properties and their relation to the catalytic function of the metal ion in a number of metalloenzymes will form the main theme of this survey.
The unusual coordination chemistry of metalloenzymes necessitates that arguments based on the properties of simpler 'model' complexes must be applied with caution and considerable judgement. This apparent antithesis between enzymes and models is weil illustrated by the different attitudes taken by two investigators, D. Keilin and 0. Warburg, who both played prominent roles in the early development of the field. Thus, it may be appropriate to introduce the subject by a brief account of some main points in the history of metalloenzymes.
G. Bertrand was the first investigator who suggested a metal as the active group in enzymes. This occurred in the 1890s in connection with his work on laccase-catalysed oxidation of phenols 1 . However, he was unable to provide a firm experimental proof of his idea, as indicated by his incorrect identification of the metal involved as manganese instead of copper 2 . This was undoubtedly related to the low degree of purity of the enzyme preparations available at the time. Early claims for the involvement of metals in enzyme catalysis were, therefore, generally not based on identification but on the inhibitory effect of 'metal poisons ', such as that of cyanide on cellular respiration. A new aspect was, however, introduced by Warburg in the 1920s, when he showed that charcoal-iron 'models' prepared from blood can caüllyse certain oxidations. As Cyanide was known to form strong complexes with iron, he suggested that iron-containing enzymes are catalysts in biological oxidations. On this basis, Warburg, in his book Schwermetalle als Wzrkungsgruppen von Fermenten 3 , pictures hirnself as the discoverer of the key role played by iron in respiration. On the other hand, Keilin, in his review 4 ofWarburg's book, pointsout ' ... that charcoals as they are prepared from blood or from haemin have no more in common with haematin compounds than charcoal-iron prepared from Bismarck brown or safranin. The work of Prof. Warburg with Negelein and Brefeld between 1921 and 1924 on the properties of these charcoals, however interesting it was from a physiochemical point of view, has not been very helpful in the study of the mechanism of intracellular oxidation reactions '. Quite correctly, Keilin implies that his own pioneering work 5 on the cytochromes supplied the first true demonstration of the involvement of iron in respiration. Keilin is also responsible for two subsequent major developments in the field of metalloprotein catalysis. Thus, tagether with Mann, he showed that copper is a constituent. of laccase 2 and tyrosinase 6 and that carbonic anhydrase is a zinc-containing protein 7 • Keilin's attitude in the controversy just described, namely that there is an inherent danger in far-reaching_, uncritical extensions of observations on models, has proved to be amply justified by recent extensive work on the structure and function of a small number of particularly well-characterized metalloenzymes, such as carboxypeptidase, carbonic anhydrase and laccase. lt is quite fitting that two of these enzymes, laccase and carbonic anhydrase, were shown to be metalloenzymes by Keilin. As my own work in the last decade has centred around these two enzymes, it is also naturalthat they will dominate my present discussion.
While early investigators were led to an interest in the involvement of metals in enzyme catalysis through their work on important metabolic pathways, a different motivation has prompted many of the recent sturlies to be discussed here. Several authors 8 -11 have stressed that metalloenzymes are particularly suitable objects for the elucidation of the relation between chemical structure and catalytic activity. One reason for this is the hope that the metal ion may provide a naturallabel ofthat portion ofthe protein which is directly involved in the reaction, the so-called active site. Another one is the fact that the metal ion often has physical properties, such as colour or paramagnetism, allowing a direct study of chemical events at this site. A third reason is the possibility of correlations with simple "model' systems with regard to both coordination chemistry and catalytic properties. This point of view was first clearly enunciated in 1950 in a review by Lehninger 8 394 who, however, did not follow up. these thoughts with original work of his own on metalloenzymes. However, shortly afterwards two groups of biochemists initiated extensive series of investigations on metalloenzymes on the basis of similar considerations. One was B. L. Vallee 9 and his associates who, in particular, have studied the state and function of zinc in carboxypeptidase. The other group was my own which, after an early interest in metal activation 10 , has concentrated its efforts on carbonic anhydrase and laccase. About the same time, an inorganic chemist, R. J. P. Williams 11 , started publishing discussions on metalloenzymes, particularly those studied by the biochemical groups just mentioned, on the basis of model systems. Similar contributions, mainly concerning metal-containing oxidases, have later been made by another inorganic chemist, P. Hemmerieb 12 . In the following I will first try to sketch the development of the concept of the 'unique' metal binding in metalloproteins by a consideration of two zinc-containing enzymes, carboxypeptidase arid carbonic anhydrase. Hopefully, this choice is quite illustrative, as the research groups involved have taken quite different attitudes in their use of 'models ', and only gradually has a common point of view emerged. This discussion will be followed by a somewhat fuller account of recent work on the state and function of three distinct forms of copper in 'blue' copper-containing oxidases· 13 . These are perhaps even more unusual metal complexes than the zinc-containing enzymes. While because of the theme of my survey, stress will be laid on the state and chemical properties of the three forms of the metal, I will also include some comments on the relation of these characteristics to the function of the different ions in the catalytic reaction. In particular, such considerations have led to a major advance in our understanding of the reduction of oxygen to water, a most problematic reaction mechanistically13, 14. The 'unique' metal-binding properties of metalloenzymes can only be appreciated by a comparison with simpler systems. Thus, the two main sections of this exposition will be preceded by a brief account of metal ion-peptide complexes, particularly in relation to simple (non-specific) metal ion-protein interactions.
FUNDAMENT ALS OF MET AL ION-PROTEIN INTERACTIONS
As we are concerned here with the nature of metal-ion binding to proteins, those metalloenzymes, such as peroxidase, in which the metal ion is primarily bound to a prosthetic group will not be considered. The discussion will, in general, be limited to metalloenzymes and exclude metal-ion activated systems 10 . In the latter, the function of the metal ion may be to form a metallosubstrate, such as a Mg 2 + -ATP complex participating in most kinase reactions 15 , but a metal ion-enzyme complex may also be involved, in which case the distinction from metalloenzymes is one of degree and not ofkind 16 . Possible Iigand groups in metal-ion complexes with proteins are the polar side chains of certain amino acids, such as glutamic acid or histidine, terminal C(-amino and C(-carboxyl groups of the peptide chain and, in some cases, the amide groups of the peptide bonds. The interaction of these groups with metal ions has been studied extensively with amino acidsandsmall peptides. 395 This area of investigation was reviewed more than ten years ago by Gurd and Wilcox--r 7 . Even if many studies on the stability of pephde complexes have appeared later, the major generalizations possible ftom this type of data were set forth already in their excellent survey. Recently an important review on the crystal structure of metal complexes with amino acids and peptides has been published 18 , and this provides much needed infotmation on the structural background of the interactions. Unfortunately, with small complexes one may expect that the structures in solution and in the solid state may differ significantly. However, in one case in which this question has been studied in detail by spectroscopic methods, namely Cut+ -triglycylglycine, it was found that the coordination was essentially the same in the two states, the main difference being the exchision of water as axial ligands in the crystal 19 . In proteins most of the potentialligand groups would be expected to be held apart and form discrete binding sites. Non-specific interactions with such sites are found with all proteins. They can be well described in terms of properties derived from simple model systems (amino acids and peptides), as shown~ for example, in. the pioneering investigation by Gurd and Goodman20 on the binding ofZn 2 + toserum albumin (cf. re ( 17) .
One might predict that ~ost proteins would, on purely statistical grounds, contain some polar groups in close entn~gh proximity to allow chelate formation. This is borne out by the finding of preferred sites at low metal-ion concentrations with some proteins. such as myoglobin 21 and serum albumin22. These sites are responsible for what I would like tQ call 'specific non-specific' binding; they are specific in the sense of being preferred sites in comparison to the .type of sites discussed eatlier. but non-specific in the sense that their complexes have no known biological funct10ns. Also in these cases it has been possible to account fot the stabili:ty and spectroscopic properties of the complexes by camparisans with models 21 · 22 .
As indicated in the introductory section of this paper, quite a different situation is found in the specific interactions of metalloenzymes. In the remainder of my discussi0n I will attempt to make this claim more concrete by a somew hat more detailed consideration of a few enzymes. I would like to state at the outset, however, that the information derived from models is indispensable as a background knowledge for viewing the 'unique' metalbinding properties ofmetalloenzymes. I would also like to stressthat inorganic chemists, like Williams, have performed an extremely valuable service by continuously pointing out what complex-forming properties one would predict on the basis of results with simpler compounds. This has been a constant stimulus and guide, not least in the studies of my own research group. Thus, insofar as I will criticize certain claims based on model studies, this reflects mainly on the biochemist, who should be capable of producing data solid enough for him to trust them even when they deviate from predictions founded on basic coordination chemistry.
STATE AND FUNCTION OF METAL IONS IN CARBOXYPEPTIDASE AND CARBONIC ANHYDRASE
Detailed suggestions, based on model data, for coordination in a metalloenzyme were first advanced for carboxypeptidase. Thus, Williams 23 in 1960 implied the presence of a Zn 2 + -S-bond on the basis of the relative binding strength with different metal ions, particularly the higher affinity for Zn 29 , this would seem to exclude a thiol group as a Iigand even in the cases where there is one present, as in the human isoenzymes. This apparent difference compared to carboxypeptidase suggested that caution must be used in the application of arguments from models. This view was enforced by a critical evaluation of the experimental carboxypeptidase papers, since, as I expressed in another review 30 , this shows that 'none of the experiments provides adefinite demonstration of the nature of the binding site'. Fortunately it has been possible to settle the ensuing conflict definitively, as the three-dimensional structure is now available both for carbonic anhydrase 31 and for carboxypeptidase 32 .
The beautiful crystallographic work of Lipscomb and co-workers 32 on carboxypeptidase has furnished the structure of the largest molecule so far solved to high resolutions. It has also, tagether with sequence information, 
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for the first time provided firm evidence for the nature of the Iigand groups in a metalloenzyme, as shown in Figure 1 . It may be noted that the binding residues are not at all those previously suspected. A thiol grotip is, in fact, not even present in the eiizyme, but there is a disulphide bridge. However, this, as well as the N-terminal residue, is more than 10 A away from the metal ion. A similar distance had earlier been found, in a low-resolution structure 3 1. for the thiol group in human carbonic anhydrase C. The failure of certain model arguments in the case of carboxypeptidase should not mislead us to discredit the approach of utilizing the metal ion in metalloenzymes as a 'built-in reporter group' for events in the active site. The power of this technique, when judiciously applied, is nicely illustrated by the work of Lindskog on Co 2 + -carbonic anhydrase 33 . On the basis of spectroscopic and magnetometric data he concluded that the metal ion is in an irregular tetrahedral environment. Three ligands are here provided by the protein while the fourth one may be H 2 0, OH-or an inhibitor, such as a sulphonamide or an inorganic anion, as also confirmed by crystallographic data (B. Strandberg and A Liljas, personal communication). In agreement with this, the bonding changes with pH or on the addition of an inhibitor, as illustrated by the example in Figure 2 29 . Correlations with kinetic data 34 show that the high-pH form, involving an additional Iigand (probably OH -), is the catalytically active one. Furthermore, the additional Iigand competes with inhibitors, as the inhibition is reversed by high pH 33 • 34 . While the important work on carboxypeptidase and carbonic anhydrase deserves an extensive presentation, this has, in fact, already been made more competently by the original investigators at recent symposia 32 • 35 . Thus, I would just like to conclude this section by pointing to the power of combining the approaches sketched here with crystallographic results. For example, the structure in Figure 1 shows the binding of a poor substrate, glycyltyrosine.
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Comparisons with model building and biochemical data suggest that this is a poor substrate because it is bound in a way which interferes with the normal ftmction of the glutamic acid residue at position 270. lt is also suggested that the interaction between the carbonyl group of the substrate and the zinc ion is part of the normal catalytic mechanism, In fact, Lipscomb et al. 32 have suggested a very plausible reaction scheme which is consistent with all available information, but for a discussion of this the reader is referred to the original paper. I would only like to stress that, while with both enzymes an essential role for the zinc ion in the catalytic mechanism is depicted, this function has no direct counterpart in the catalytic activity of simple zinc complexes. I will return to this question later.
THREE 'UNIQUE' FORMS OF COPPER IN 'BLUE' OXIDASES
The remainder of my presentation will be devoted to 'blue' copper-containing oxidases, a group of enzymes around which my own research interests have been entirely centred during the last few years. I hope to show that the metal coordination is perhaps even more unusual in these enzymes than in carboxypeptidase and carbonic anhydrase. On the other band, there is so far very little structural information available about the copper-containing oxidases, so that the chemical basis for the unusual state C".lnnot be viewed in any detail yet. Since, however, the purpose of a conference should be not only to present a finished picture of an important field but also to stimulate further research, it may be most apt that I will concentrate my discussion to this rapidly developing area of investigation.
A comparison with the properties of simple model compounds can easily Iead to incorrect interpretationsalso with the copper proteins. For example, at a conference on metal binding in biology held in 1960, Williams 36 stated that models would suggest that tyrosinase is a Cu 2 + protein while the 'blue' oxidases must contain a considerable fraction of their copper as Cu+. We now have evidence that the opposite situation holds 13 , namely that tyrosinase is a Cu-~--protein and that the blue colour of other copper proteins is given by an unusual form of Cu 2 +. This comment is given here not as a criticism of Williams, whose statement is entirely correct in its explicit comparison with model compounds known at the time, but rather to emphasize the main point of this survey.
In this written presentation, my documentation will purposely be rather incomplete, as I have recently written a detailed review on the state and function of copper in biological systems 13 .
The forms of copper
The 'blue' oxidases have been found to contain three distinct f.orms of copper 13 . This is most extensively documented in the case of laccase (p-diphenol oxidase) from a fungus, Polyporus versicolor, and from a lacquer tree, Rhus vernicifera, so that my examples will mainly be taken fr~m studies with this enzyme. However, most conclusions in regard to the state and function of the metal can probably be generalized and apply also to ceruloplasmin and ascorbic acid oxidase. In addition, the 'blue' Cu 2 + found in certain electron-transport proteins, such as azurin, is probably closely related to the corresponding form in the oxidases.
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The first demonstration of the heterogeneity of the copper in laccase came from quantitative e.p.r. (electron paramagnetic resonance) 37 ' and susceptibility measurements 38 , which showed that two of the four copper ions present in each molecule are paramagnetic while the remaining two are diamagnetic. lt was furthermore found that the paramagnetic ions are two Cu 2 + in different chemical environments 39 ahd, therefore, designated Type 1 and Type 2 Cu 2 +,. respectively. This is shown by the experimental and simulated e.p.r. spectra given in Figure 3 . The three forms of copper are thus: (1) Figure 3 and ref. 40) , and its unusually high redox potential ( > 500 m V). The association of the blue colour with Type 1 Cu 2 + and the determination of the redox potential of this ion pose some problems since, as will be discussed later, it is generally reduced together with other electron acceptors in a cooperative manner 41 . However, the reduction achieved at high pH 42 appears to be specific 43 for 400 Type 1 Cu 2 +, and the coopera tion between the sites can also be destroyed under certain conditions.
There have been several attempts to explain the unusual characteristics of the 'blue' Cu 2 + (see re ( 13) , but some of the early suggestions can now be eliminated. F or example, the blue electron-transport proteins, azurin and stellacyanin, contain a single Cu 2 +, so apparently it is not necessary to introduce an interaction between Cu 2 + and Cu+ to account for the spectral properties. The favoured interpretation is now that the symmetry of the Iigand arrangement around the central ion deviates from the planar or tetragonal symmetry generally preferred by Cu 2 +. This is supported by models 44 and theoretical calculations 45 . It has also been directly demonstrated by e.p.r. spectra at 35 GHz Figure 4 shows that a blue chromophore is in a dissymmetric environment, and it has been possible to associate the main contribution with Type 1 Cu 2 +. The irregular coordination is probably responsible for the high redox potential, a property of some importance for the function of this ion in the catalytic reaction. This is also true regarding an early interpretation of the spectral data, suggesting that the electron-acceptor orbital is highly delocalized, which should facilitate rapid electron transfer. This idea, which was set forth in 1960 by Vänngärd and myself in a paper 40 describing for the first time the unique state of copper in the 'blue' proteins, has been criticized on the ground that we failed to take into account effects of low symmetry 47 . This criticism appears to be unjustified, as we explicitly stated that our treatment assumed axial symmetry but that this assumption may be incorrect. While we now know that the symmetry cannot be axial, the concept of a high degree of delocalization may still be valid 13 . Type 2 Cu 2 + appears to represent a more normal form of copper with regard to its spectral properties. It should be noted that it is termed 'non-blue' only in relation to Type 1 Cu 2 + but probably has an extinction coefficient around 650 nm which is somewhat higher than that found for tetragonal complexes 13 . It also appears to contribute slightly to the anomalaus o.r.d. curve 46 , in which case it also has a dissymmetric coordination. Its most distinctive 'unique' feature in laccase is an unusually high affinity for F-
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The stability constant for the first F-bound is so high that the reaction appears essentially irreversible. The binding of F-can be observed by e. p.r. It Ieads to an inhibition of the oxidase activity, which indicates that the Type 2 Cu 2 + is also an essential component of the enzyme. This has been confirmed by the reversible removal of this ion 49 . Three main possibilities must be considered for the diamagnetic copper ions: (1) Cu+, (2) low-spin Cu 3 +, and (3) a spin-paired, binuclear Cu 2 +-Cu2+ complex. A number of findings support the third possibility, but these can only be understood in terms of the redox titrations presented in the next section.
The electron-accepting sites in laccase
An unexpected finding was that three or four electrons per molecule are necessary to bleach the blue colour of laccase anaerobically 4 1, despite the fact that the single 'blue' Cu 2 + can accept one electron only. This is seen in Figure 5 , which also shows that the degree of reduction is a linear function of the amount of reducing agent added. This result, in conjunction with e.p.r. titrations, demonstrates that there are two reducible sites in the protein other than the Type 1 and Type 2 Cu 2 +. As all sites can be reduced by octacyanotungstate(Iv), they must have a redox potential greater than 500 mV. 
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Electron equivalents added Figure 5 also shows that an absorption band at 330 nm is reduced together with the blue colour, but it cännot be decided whether this absorption is also associated with the 'blue' Cu 2 + or with the other sites. However, it has been found possible to differentiate the electron-accepting sites in a F--treated enzyme, as shown in Figure 6 50 . This clearly demonstrates that the 330 nm band is associated with a two-electron-accepting site. As discussed in detail elsewhere 4 \ there are three main reasons to think that this site consists of the two diamagnetic copper ions: (1) the stoichiometry, (2) the high redox potential, and (2) the 330-nm band. While spin-paired binuclear complexes of Cu 2 + are known 51 , they are usually not completely diamagnetic at room temperature. Thus, again this pair represents a rather unique form of copper. The linearity of the redox titration in Figure 5 deserves some comments. Two situations could clearly Iead to this result: (1) all sites have the same redox potential, or (2) there is a strong cooperativity, so that only fully oxidized or fully reduced molecules are present at equilibrium at each stage of the titration. The first possibility seems eliminated as one should then find molecules with only one of the Cu 2 + ions in the diamagnetic pair reduced, but no new e.p.r. signals appear during the titration However, a comparison with the lacquer-tree enzyme, in which Type .1 Cu 2 + has a lower potential, suggests that a combination of the two explanations is the correct one. Thus, the diamagnetic pair is a cooperative, two-electron-accepting unit, while Type 1 Cu 2 + happens to have the samehigh potential in the fungal but not in the tree enzyme 13 .
Functional considerations
While my primary concem here is with the unusual coordinat10n properties of the copper ions in laccase, it may be in place to say a few words about their roles in the catalytic mechanism.
The function of the 'blue' Cu 2 + is easy to visualize, as it probably acts as the primary electron acceptor in the one-electron oxidation of the organic substrate 52 However, in view of the high redox potential, the barrier would seem too large with laccase. Furthermore, a one-electron mechanism must involve the highly reactive OH radical as an intermediate which, however, is not the case in enzymes having H 2 0 2 as the final product of 0 2 reduction. An alternative mechanism would involve multi-electron steps. As has been discussed elsewhere 13 , two double-electron transfers involving the diamagnetic pair appears most likely. This pair in its reduced form would then also be the oxygen-binding site. CONCLUDING REMARKS I hope that the preceding discussion has amply illustrated the thesis that the metal-ion coordination in the active sites of metalloenzymes shows many unusual features compared to the simple complexes generally studied by coordination chemists. My own experience with enzymes such as enolase, carbonic anhydrase and laccase led me to suggest this about ten years ago 10 , but the view seems only gradually to have won wider acceptance. However, recently some of the investigators earlier relying most heavily on model arguments have also expressed similar ideas 55 . The stress on the 'unique' metal-binding properties of metalloenzymes is, of course, no attempt at areturn to vitalism. Itj_ust reflects the fact that a protein site may create an environment, for example, in regard to stereochemistry or local dielectric constant, which is quite hard to reproduce in a small molecule in aqueous solution. In this respect the effects are not limited to metals but also apply to other residues in active sites. As well-known examples may be mentioned that the active serine in chymotrypsin shows quite a different reactivity compared to most serine residues found in peptides or proteins, and that the histidine residues at positions 12 and 119 in ribonuclease display quite unique properties compared to other histidine residues. The basis of these special reactivities can now be discerned in those cases where detailed structural information is available 56 . As metal ions even in a unique state still, of course, follow the laws of chemistry, modelswill continue to be useful when properly employed. It may just be weil to remernher that 'models' are not 'replicas '.
From the enzymologist's point of view, the most important feature of the 'unique' coordination is that it imparts properties to the metal ion facilitating its role in the catalytic reaction. Thus, it often also has catalytic functions generally not found in simple models. This is apparently what Vallee and Williams 55 imply with the term 'entatic' introduced by them, but it may be desirable to find more concrete expressions of such effects. I have already discussed how the low-symmetry coordination of a Cu 2 + ion in laccase makes it a good oxidizing agent, both thermodynamically and kinetically. The role of the zinc ion in carboxypeptidase is probably to polarize the carbonyl group attached to it (see Figure 1) . It can be shown that the dielectric situation in the enzyme-substrate complex tends to intensify such an effect (W. N. Lipscomb, personal communication). 1t is thus apparent that by a judicious combination of structural information with the results from organic chemistry and reaction kinetics we should be able to give increasingly exact descriptions of mechanisms for metalloenzymes, as well as for enzymes in general.
